Abstract-This paper presents the application of a theoretically developed method that provides plasma parameter solution space information from measured RF attenuation that occurs during reentry. The purpose is to provide reentry plasma parameter information from the communication signal attenuation. The theoretical development centers around the attenuation and the complex index of refraction. The methodology uses an imaginary index of the refraction matching algorithm with a tolerance to find suitable solutions that satisfy the theory. The imaginary matching terms are then used to determine the real index of refraction resulting in the complex index of refraction. Then a filter is used to reject nonphysical solutions. Signal attenuationbased plasma parameter properties investigated include the complex index of refraction, plasma frequency, electron density, collision frequency, propagation constant, attenuation constant, phase constant, complex plasma conductivity, and electron mobility. RF plasma thickness attenuation is investigated and compared to the literature. Similar plasma thickness for a specific signal attenuation can have different plasma properties.
I. INTRODUCTION

R
EENTRY plasma can be investigated by using nonmagnetized collisional plasma theory. The fundamentals of nonmagnetized collisional plasmas can be found in texts [1] , [2] . The plasma layer properties are considered in two ways. One way is as a uniform electron density distribution from which an electron density mean value across the plasma is determined. The second way is having a distributed electron density with the same mean value across the plasma as the uniform case. Nonmagnetized collisional plasmas being used as a basis to investigate reentry plasma is documented in [3] - [5] . These articles demonstrate the relationship between electron density and plasma attenuation. The literature [6] - [14] further refines electron density reentry plasma. Reentry attenuation properties have been published as well [3] , [5] , [14] - [16] . The approach described here proceeds from the fundamentals in [3] - [5] in a direction to further exploit the solution space by using the imaginary part of the complex index of refraction through a matching algorithm and a physical constraint filter. The purpose is to provide reentry plasma parameter information from communication signal attenuation. The signal attenuation is taken as that being due to the plasma. The decrease in signal strength is not taken as that due to path loss or to RF mismatch between the antenna and the plasma which are communication link specific. If a particular antenna is considered, the method developed here would be with respect to the RF transmitted power to the plasma. The method results are compared with what is in the literature to evaluate its viability and consistency.
The approach to investigate the plasma parameters are based upon the theory being applied to a matching algorithm with tolerance. The matching algorithm uses a specific signal attenuation for a plasma thickness in order to determine the imaginary part of the complex index of refraction. Iteration across the ratio of the plasma frequency to the RF frequency (ω 2 p /ω 2 = X and ω p /ω = X1) and the ratio of the collision frequency to the RF frequency (ν m /ω = Z ) are used in order to investigate the solutions of the plasma parameters. The results are filtered using the physical constraint that the group velocity must be less than or equal to the speed of light. The matching and filtering algorithm is a new approach for attenuation data.
II. THEORY
RF attenuation in a nonmagnetized collisional plasma is a function of the RF frequency. The angular frequency ω (rad/s) is 2π f , where f (Hz) is the frequency. The electric field for a plane electromagnetic attenuating traveling wave can be represented as
−αz e j (ωt −βz)
where α is the attenuation constant, β is the phase constant, j is the imaginary unit, z is the propagation length, and t is time. Equation (2) represents the relationship between the propagation constant, complex dielectric constant (ε = ε o ε r , ε o is the permittivity of free space and ε r is the relative permittivity) and the complex index of refraction [3] 
where γ is the propagation constant, n is the complex index of refraction, n r is the real variable of the complex index of refraction, and n j is the imaginary variable of the complex index of refraction. Equation (2) shows the relationship between the attenuation constant and the imaginary part of the complex index of refraction and the phase constant and the real part of the complex index of refraction. Equation (3) displays the relationship specifically
The wavenumber is given by [2] 
where k is the wavenumber, c is the speed of light, ω p is the plasma frequency, ν m is the electron momentum collision frequency, and Z = ν m /ω. The plasma frequency (taken as the electron plasma frequency) is expressed in the following:
where n e is the electron density, e is the fundamental charge, and m e is the electron mass. The index of refraction is the wavenumber times the speed of light divided by the radial frequency (n = kc/ω). The relative permittivity can be expressed as
In (6), the second term in the brackets can be expressed as
Substituting (7) into (6) gives
Considering the complex number in the z plane, the complex radius or magnitude of ε r is given by
With the complex angle for ε r given by
The roots of the relative permittivity or the index of refraction is based on De Moivre's theorem and is expressed as
The real part of the phase velocity is given in in the following:
The real part of the group velocity is given in the following:
The derivative in (14) can be expressed as
Equation (15) can also be written as
Multiplying the terms in the denominator except 2 and collecting terms, leaves V + j W , where V and W are expressed in the following:
Taking the complex conjugate (V − j W ), the real part of the partial derivative expressed in (16) is given in (19) and used in (14) to evaluate the group velocity
The plasma conductivity [19] can be represented by taking the complex conjugate and separating the real and imaginary parts of the complex plasma conductivity as
The ratio of the drift velocity to the electric field or electron mobility [20] is represented as
III. METHOD
This method assumes that the plasma attenuation (A) is known and the RF propagation frequency is known (ω). The plasma thickness (L) is varied to determine data-based n j solutions and n j solutions to the nonlinear complex index of refraction equations developed from the nonmagnetized collisional plasma theory. Each result where the data solution and theory solution are within a threshold is called a match. These solutions determine the plasma frequency ω p and electron collision frequency ν m through the X1 and Z terms knowing ω. Using these terms n r is determined. The electron density n e is determined from the plasma frequency ω p . The solutions to the complex index of refraction and ω are used to determine the attenuation constant α, and the phase constant β. The plasma conductivity σ p and electron mobility μ e are determined from the matched solutions. The phase v φ and group v g velocity are determined from the matched solutions as well. The solutions where the group velocity is less than or equal to the speed of light are kept and those that are not are removed or filtered out. This leaves only physically realizable solutions not mathematical solutions. The electron density is considered uniform across the plasma thickness or having a distribution that has the same mean as the uniform solution.
The relationship between the attenuation constant and the imaginary part of the complex index of refraction as in (3) with the units of decibel (recall the relationship between Np and decibel following the description in [3] ) are considered in (22). This is done because α is in Nepers per meter but the signal attenuation is measured in decibel
The attenuation in decibel is given in (23) converting from Np to decibel as in (22)
where L is plasma thickness. The attenuation equation can be expressed [3] by replacing the attenuation constant with the imaginary part of the complex index of refraction according to (22) and displayed in (24). In the equation, the attenuation A is held constant and L is varied to investigate the attenuation constant through the imaginary part of the complex index of refraction. The negative sign used here incorporates the negative sign in the complex index of refraction representation in (2)
Knowing the value of (24) from the attenuation, the plasma thickness is varied to find an array (n j ) i which is consistent (based on the theoretical assumptions) with a set of thicknesses L i , the plasma thickness. The imaginary part of the complex index of refraction from this is in (25). The negative value in (25) will match the negative values for the imaginary part of n1 in (11), which is equivalent to sinθ/2 being negative. This follows for (12) as well. The purpose of this is for n j to be in the correct quadrant corresponding to (11) or (12) . It should be remembered that-n j = −α (c/ω) from (3), and therefore
Reformulating the complex index of refraction equation expressed in (6) leads to the following:
Equation (26) is developed similarly as (6) through (12) . By varying X1 (recall that X1 2 = X) and Z , a matrix of possible (n) s,t are determined. X1 may represent 10 to 1000, for example, while Z may represent 0.001 to 5, for example. The results are put into a matching algorithm where results ((n j ) s,t ) that meet the following threshold condition in (27) are kept as viable solutions. The threshold in (27) compares the difference between the data-based imaginary index of refraction from (25) and the theory-based solutions determined from (26)
The complex index of refraction expressed in (2) and (11) has a positive real value and a negative imaginary value. This places it in the fourth quadrant of the complex plane, which is equivalent to sinθ /2 being negative in (11) . This provides the possible solutions for the complex index of refraction based upon the attenuation. X1 and Z are retained as well.
Knowing the plasma attenuation ( A) and the RF propagation frequency (ω), the plasma thickness (L) is varied in (25) to determine the data-based imaginary index of refraction (n j ) solutions. The data-based (n j ) solutions are then matched to theory-based (n j ) solutions to the nonlinear complex index of refraction as expressed in (26) by varying the X and Z terms in it. The X and Z terms are retained and the real part of the complex index of refraction (n r ) solutions is determined. The solution match is subject to the threshold condition in (27). These solutions determine the plasma frequency and electron collision frequency through the X1(ω p /ω) and Z (ν m /ω) terms knowing ω. The electron density (n e ) is determined from the plasma frequency (ω p ) by (5) . The solutions to the complex index of refraction and ω are used to determine the attenuation constant α, and the phase constant β by (3). The plasma conductivity (σ p ) is determined by (20) . The electron mobility (μ e ) is determined by (21). The phase velocity (v φ ) is determined by (13) and the group velocity (v g ) is determined by (14) . The solutions where the group velocity is less than or equal to the speed of light (v g ≤ c) are kept and those that are not are removed or filtered out. This leaves only physically realizable solutions not just mathematical solutions. The physical filter is multiplied element by element, by the complex index of refraction so that only results that can meet (26) at the specified threshold given by (27) and that are physically possible are retained. Zeros are taken out of the matrix and the solutions are put into a vector. With the real and imaginary parts of the index of refraction solution space determined, the attenuation constant and phase constant solution space can be evaluated from (3) . Knowing the terms from the propagation constant, (1) can be normalized into the format of
The underlying electron density distribution across the plasma thickness can be investigated as uniform or according to the bi-Gaussian plasma electron density distribution model [15] , [17] also known as the electron density parameterized model [18] . This model has a similar shape to those based upon nonlinear statistics applied to equilibrium chemistry and experimental turbulent characteristics [7] . Here, this is used where the mean of the distribution across the plasma thickness matches what was determined by the method in this paper. Equation (29) displays the representation of this electron density distribution model across the plasma thickness
where max(n e ) is the peak value of the electron density, x 1 and x 2 are constants, l is the thickness variable across the plasma, l B is the location of max(n e ), and L is the total plasma thickness. Equation (29) is used to calculate a suitable electron density distribution, attenuation constant distribution, and phase constant distribution across the plasma thickness where the mean is the same for the uniform case determined by the methods just described. The averaging procedure divides the plasma thickness determined from the uniform (matching and filtering algorithm) case into a number of discrete thickness units. l B is selected to be at one of those units where it is less than half the plasma thickness to be consistent with the experimental characteristics [7] . The max (n e ) is chosen so that it is greater than the n e determined from the uniform case. x 1 and x 2 are selected. The n e across each partitioned thickness through the total plasma thickness is determined from (29). The plasma frequency is determined from this. The collision frequency across each partition is the value determined from the uniform case approximating what is in [5] . This provides the plasma frequency, RF propagation frequency and collision frequency at each thickness partition across the plasma thickness. X, X1, and Z can be determined for each partitioned thickness along the plasma thickness from this. Equations (7) through (12) are used to determine the complex index of refraction values at each partition thickness.
Then (3) is used to determine the attenuation constant and the phase constant at each partition thickness. These values are averaged across the plasma thickness. If the mean is the same for the electron density, attenuation constant, and phase constant as the uniform case it is acceptable, if not iteration continues by varying one or more variables (l B , max(n e ), x 1 , and x 2 ).
IV. RESULTS
In Table I , an example algorithm setup follows for the variables previously mentioned using (11) and (12) for the threshold match in (27). For Table I, (11) results were found, however, no solutions were found for (12) . The first root [(11)] found matching results and the second one [(12)] did not. In Table I , the frequency and attenuation are chosen because of their aerospace suitability [15] . The plasma thickness range and attenuation was selected based upon expected reentry plasma density. The X1 and Z ranges were selected to provide solutions consistent with some reentry plasma and n j was selected to provide matching error bounds.
With the setting for X1 and Z , the collision and plasma frequency parameter space investigated are specified in Table I . This is done to investigate the variability of other parameters (i.e., attenuation constant and phase constant) evaluated from the method used in this paper. Decreasing the step size for X1 and Z in Table I increases the number of solutions obtained across the plasma thickness. The frequency, attenuation, plasma thickness, ranges, step size, and threshold listed in Table I yield 34 solutions. Tables II and III show  the results. In Tables II and III, the plasma thicknesses L are   TABLE II   MATCHING AND FILTERING ALGORITHM RESULTS 1 those determined from the matching and filtering algorithm, and therefore do not have uniform spacing. These are the thicknesses from vector L i specified in Table I for which solutions were obtained. Tables II and III display a result with plasma thickness of 2.17 cm that has two solutions. In the solution set, this is the only plasma thickness that had two (X1 and Z ) solution points. The attenuation is the same (40 dB), the thickness is the same (2.17 cm), and therefore the attenuation constant is the same (212.22 Np/m); however, the phase constants are different as are the plasma frequency and collision frequency. For the two 2.17 cm cases, the values can be placed in (9)-(11) to obtain the same imaginary index of refraction representation confirming the matching and filtering algorithms self-consistency performance. Table II also shows for the same plasma thicknesses (2.17 cm) and attenuation constants, the phase constant may be twice as large causing greater phase change across the plasma for the same signal attenuation. This also means that the real part of the complex index of refraction is not unique for a specific attenuation and plasma thickness, whereas the imaginary part is.
In the cases of the same plasma thicknesses with different plasma properties, the determination of which specific solution is correct for an application would come from the collision frequency determined by the reentry aerodynamic properties of the gas. If the same thickness does not yield more than one solution, the collision frequency determined is consistent with the theory. The electron density solutions are in the 10 12 to 10 14 (1/cm 3 ) range for Table I case. The electron mobility increases with decreasing collision frequency which comes from (21). The electron energy is not investigated. The gas properties are needed in order to investigate the electron energy due to momentum transfer from the gas neutrals. This investigation determined plasma properties that can be found under the theoretical matching and filtering constraints from plasma thickness solutions and signal attenuation. The complex index of refraction solutions is in Fig. 1 polar plot. The solutions are in the fourth quadrant as expected by the theory and method development. The real and the imaginary indexes of refraction values as a function of plasma thickness are displayed in Fig. 2 . The real values are larger than the magnitude of the imaginary values. The complex magnitude of the imaginary index of refraction decreases with increasing plasma thickness which is consistent with the attenuation constant for 40 dB attenuation. Increasing the plasma thickness and keeping the attenuation, the same means the attenuation constant and the imaginary index of refraction would go down. This is expressed in (3) and (23). The real index of refraction values do not follow this trend, and therefore the phase constant does not either.
A representation of the complex plasma conductivity is displayed in Fig. 3 . The solutions for the complex plasma conductivity are in the fourth quadrant in the polar plot which is consistent with (20) . In general, from the polar plot, the imaginary values are larger than the real values but not in all cases.
The plasma conductivity generally decreases with increasing plasma thickness, as shown in Fig. 4 ; however, this does not hold up for each case. At plasma thicknesses from around 4 to 11 cm the magnitude of the imaginary conductivity values are greater than the real values. This is not always the case at plasma thicknesses smaller than 4 cm.
The group velocity and the phase velocity as a function of plasma thickness are displayed in Fig. 5 . No group velocity values are greater than c, consistent with the filter. The phase velocity is greater than the group velocity in Fig. 5 . The medium is dispersive because the group and phase velocities are not equal.
The E/Eo surface plot for a uniform distribution (electron density, propagation constant, and phase constant) for the first L = 2.17 cm solution in Table II is displayed in Fig. 6 . The plasma thickness and time shown display the field propagation in the plasma. Table II . Fig. 7 .
E/Eo bi-Gaussian distribution for L = 2.17 cm first solution in Table II. For a bi-Gaussian distribution, where the value for the electron density, attenuation constant, and phase constant across the plasma thickness is approximated by their means. In Fig. 7 , the terms in the bi-Gaussian equation are max(n e ) = 1.24 × 10 19 (1/m 3 ), L = 2.17 cm, l B = 0.651 cm, x1 = 1.1, and x2 = 0.12. For the same time and space axis as in Fig. 6 , the field is propagating slightly differently in the plasma with the bi-Gaussian distribution as it does in the uniform distribution. This is a representation of the first solution for L = 2.17 cm.
For the second solution for L = 2.17 cm, a surface plot of E/Eo for a uniform distribution is shown in Fig. 8 . For the same time and space scale, the field propagates through the plasma differently than the first solution for 2.17 cm with a uniform distribution.
In this case it also propagates differently than the first solution for the first 2.17 cm case with a bi-Gaussian distribution.
A bi-Gaussian for the second L = 2.17 cm case is shown in Fig. 9 . The terms in the bi-Gaussian equation are max(n e ) = 1.24 × 10 19 (1/m 3 ), L = 2.17 cm, l B = 0.651 cm, x1 = 0.7, and x2 = 0.09. For the same time and space axis as in Fig. 8 , the field is propagating slightly differently in the plasma with the bi-Gaussian distribution than it does in the uniform distribution. The first solution propagation for the uniform and bi-Gaussian is similar but slightly different when compared to the second solution propagation for the uniform and biGaussian which are also similar in comparison. This expresses Table II . Fig. 9 .
E/Eo bi-Gaussian distribution for L = 2.17 cm first solution in Table II. different field propagation properties for the same attenuation. This is expected since the phase constant is different as is the real index of refraction that it comes from.
Three different algorithm cases were investigated as well. A 20 dB attenuation case was investigated using the setup in Table I , except that the RF attenuation is put at 20 dB. This produced 20 solutions, where the plasma frequency ranged from 1.26 to 8.17×10 11 (rad/s), the collision frequency ranged from 2.51 × 10 9 (rad/s) to 2.43 × 10 10 (rad/s), and the plasma thickness was from 0.24 to 5.1 cm. For an 80 dB attenuation case using the setup in Table I , 58 solutions were determined. The plasma frequency ranged from 1.26 × 10 11 (rad/s) to 1.16 × 10 12 (rad/s), the collision frequency ranged from 2.51 × 10 9 (rad/s) to 2.43 × 10 10 (rad/s). This is the same range as the 20 dB case suggesting that the search range for Z in Table I should be expanded. The plasma thickness was from 0.96 to 22.42 cm. The 80 dB case did produce two results at the same plasma thickness 4.34 cm and an attenuation constant of 212.22 Np/m. This is twice the thickness of the 40 dB case of 2.17 cm with the same attenuation constant showing consistency with (23). In order to consider reentry cases with smaller electron densities, ω p would be reduced and ω as well in the X1 term. The algorithm produces 63 solutions when the RF propagation frequency is 100 MHz, and the attenuation is 0.067 dB with the algorithm set up for X1 (2 to 4 at 0.01 steps), Z (1 to 2 at 0.01 steps), and L i and n j being the same as in Table I . The plasma thickness results were from 0.25 to 0.44 cm, the electron density results were from 5.09 × 10 8 (1/cm 3 ) to 1.98 × 10 9 (1/cm 3 ) and the collision frequency results were from 6.28 × 10 8 (rad/s) to 1.26 × 10 9 (rad/s). The 20, 80, and 0.067 dB cases had similar trends as is found in Fig. 2 for the index of refraction except the magnitudes were different. The conductivity trend in Fig. 4 is similar for the 20, 80, and 0.067 dB cases but these cases had different magnitudes. In the 0.067 dB case, the real part of the conductivity has a magnitude equal to or greater than the imaginary part. The phase and group velocity trend is similar for the 20, 80, and 0.067 dB cases as is found in Fig. 5 ; however, one of the cases in the 0.067 dB case had a phase velocity faster than the speed of light and a group velocity slower than the speed of light. This is not a physical violation. The plasma thickness in this case was 0.37 cm. The 0.067 dB case also had a number of solutions at the same thickness, with the largest such number being seven solutions at 0.29 cm. The RF propagation frequency was greater than the collision frequency 68%, 70%, 72%, and 100% of the time for the 40, 20, 80, and 0.067 dB cases, respectively.
The 40, 20, 80, and 0.067 dB correlation between the plasma thickness and plasma density, the plasma thickness and collision frequency, and the plasma density and collision frequency are in Table IV. In Table IV , the plasma density is negatively correlated with the plasma thickness. The collision frequency is negatively correlated with the plasma thickness. The plasma density is positively correlated with the collision frequency for the 40 and 20 dB cases and negatively correlated for the 80 and 0.067 dB cases.
The time delay and phase shift were investigated for the 40 dB case using the definitions found in [3] . The time delay is taken as the time it takes for the signal to propagate through the plasma thickness at the group velocity (t = L/v g ). Given the product of the RF propagation frequency and plasma thickness, the phase is taken as this quantity divided by the phase velocity (φ = ωL/v φ ). The phase results were normalized between 0°and 360°. The results are displayed in Table V. Of the 40 dB 34 solutions, 13 have a collision frequency between 0.1 and 1 GHz. Within the 13 solutions, six have a phase between 32°and 123°. The other seven solutions have a phase between 244°and 355°.
V. DISCUSSION
Lin et al. [3] use prediction algorithms and analytical methods including nose bluntness, angle of attack, surface ablation, and other factors to determine electron density distributions. They also use flight and ground test measurements to validate Tables II and III are considered with the normalized results presented by Lin et al. [3] . The results in Tables II and  III He et al. [15] use spatial turbulence and temporal variation of electron density in their model and the transmission matrix method. They characterize dynamic effects on propagation. In their work, they determine steady-state effects results that are compared to the matching and filtering algorithm results. The results of He et al. [15] were compared to the results in Tables II and III. The results in Tables II and III were consistent with the frequency, attenuation, and collision frequency they obtained. There is partial consistency between the frequency, phase, and collision frequency in their results and the results in Tables II and III. As discussed in Table V , results 46% of the values at 2 GHz and collision frequency of 0.1 to 1 GHz are within the approximate band of 25°-160°p hase change they show and 54% are outside. This could be because of the conditions in Table I being set too broadly to be consistent with their reported results. It should be remembered that all the solutions in Tables II and III were consistent with the normalized phase constant results reported by Lin et al. [3] .
Kiel et al. [6] use mathematical modeling of reentry physics and chemistry by modifying and linking three existing programs (Cornell Aeronautics Labs), TRW method of characteristics program and Sandia Corporation boundarylayer program) to provide the complete composite flowfield solutions that are used to predict and interpret. Their electron density results are compared to the matching and filtering algorithm results. The reentry plasma peak electron density that Kiel et al. [6] presented along the reentry body (1/cm 3 ) ranged from 10 15 values near the nose cone to 10 9 at around 700 cm from the nose cone. The solutions in Table II fall within 10 9 to 10 15 (1/cm 3 ). This shows good agreement.
Kane [9] solves a boundary-layer profile, an ion distribution differential equation along with ionization kinetics to determine reentry sodium, and clean air plasma properties. The determined properties are compared to the matching and filtering algorithm results. Kane [9] investigated reentry vehicle sodium ionization for a 12°half-angle cone traveling at 22 kft/s with a wall temperature of 1000 K. Plasma thickness is not explicitly provided. The reentry plasma electron density obtained by Kane [9] for an equilibrium sodium case for altitudes from 100 to 120 kft is above 10 12 but below 5 × 10 12 (1/cm 3 ) with a trend increasing with decreasing altitude. The electron density values determined by Kane [9] are consistent with values in Table II. Candler and MacCormack [11] computed a 2-D hypersonic flowfield which was weakly ionized and in thermochemical nonequilibrium using numerical methods. Their results are compared to the matching and filtering algorithms. The values determined by Candler and MacCormack [11] for reentry plasma electron density (which applies numerical methods and compares to the RAM-C II flight test data) show that for numerical methods the centerline distance to nose cone radius ratios (x/R N ) from 0 to 9 have an electron density range from 10 14 to 10 11 (1/cm 3 ) at a free stream Mach number of 23.9 and an altitude of 61 km. R N was not provided in the reference. At a free stream Mach number of 25.9 and an altitude of 71 km under the same ratio conditions, an electron density range from 10 13 to 10 10 (1/cm 3 ) is presented. At a free stream Mach number of 28.3 and an altitude of 81 km, an electron density range from 10 12 to 10 9 (1/cm 3 ) was given. The upper levels of these ranges or where the location is closer to the nose cone have electron densities in the range used by this method for a signal attenuation of 40 dB. It should be remembered; however, that this is for the purpose of investigating plasma parameters with a specific signal attenuation. This supports that the electron densities in Tables II and III are reasonable for some reentry plasma cases.
Watkins and Blottner [13] used numerical solutions for the laminar boundary layer of a spherically blunted cone in determining the electron number density distribution which are compared to the matching and filtering algorithm results. Using numerical solutions (Watkins and Blottner [13] ) with an altitude of 34 km and a Mach number of 21.9 with x/R N from 1 to 10 has an electron density range from 10 15 to 10 13 (1/cm 3 ), R N is 0.254 cm. The lower end of this is in agreement with the application of this method; however, different X1 and Z ranges would yield different results, in other words Table I could be changed to investigate higher or lower electron density ranges depending on the attenuation and reentry plasma flow (thickness) conditions (this is presented in the last paragraph of the results section). They also show that at x/R N of 200 and a y/R N from 0 to 1.2 or (0 to 0.3 cm) boundary-layer thickness (plasma thickness) the electron density ranges from 10 11 to 10 6 (1/cm 3 ), which is low for the results in Table II and the settings in Table I . The results are consistent with the 100 MHz, 0.067 dB case discussed in the last paragraph of the results section.
Savino et al. [14] used numerical analyses of fluid-dynamic equations, a kinetic gas chemistry prediction code along with a multilayer plasma approximation. Their results are compared to the matching and filtering algorithms. Savino et al. [14] obtained reentry plasma electron density values by distance from the nose tip in the range of 10 12 (1/cm 3 ). They presented a graph of plasma frequency as a function of plasma thickness with a specific signal attenuation. For the x = 0.55 m case, the peak plasma frequency is around 3.5 GHz and the plasma thickness is around 80 cm. The distribution is not uniform. The method developed here was tested against these results. Using the method described here for a uniform distribution, an attenuation of 132.67 dB and a frequency of 1575.42 MHz a solution with plasma frequency of 3.17 GHz, collision frequency of 5.48×10 9 rad/s, and a plasma thickness of 79.96 cm was found. A bi-Gaussian distribution was also investigated. The terms in the bi-Gaussian equation were max(n e ) = 1.52× 10 17 (1/m 3 ), L = 80 cm, l B = 18.67 cm, x1 = 0.0066, and x2 = 0.003, the collision frequency was the same as in the uniform distribution. The bi-Gaussian distribution was similar to the published plasma frequency as a function of plasma thickness. The attenuation across the plasma was only considered from complex index of refraction solutions that were in the fourth quadrant consistent with the theoretical development. This resulted in an attenuation of 128.64 dB. These cases show agreement with what is published.
VI. CONCLUSION
The purpose of this method is to provide reentry plasma parameter information from communication signal attenuation. The application of nonmagnetized collisional plasma theory to the complex index of refraction matching and filtering algorithm provide plasma parameter solutions under plasma thickness and signal attenuation constraints. The matching and filtering algorithm self-consistency has been confirmed by determining the same imaginary index of refraction for two cases with the same plasma thickness having different plasma properties and propagation characteristics. These cases demonstrate that having the same signal attenuation, plasma thicknesses, and attenuation constants can result in a phase constant twice as large. The same signal attenuation with the same thickness of plasma may have different underlying plasma properties for the phase constant, collision frequency, and plasma frequency. The electron density, plasma thickness, attenuation, and collision frequency solutions are consistent with other published reentry plasma literature results. The phase was consistent or partially consistent when compared to the literature results. The approach taken here when compared to a literature case with a specific signal attenuation and plasma thickness determined solutions for plasma thickness, plasma frequency, and attenuation comparable with published values. This method supports investigating reentry plasma properties from signal attenuation.
